This paper presents a numerical study concerning an improved heat sink for a light emitting diodes (LED) lamp operating under natural convection conditions. Basic geometry of the heat sink is of cylindrical nature, to be obtained from cutting a aluminium extruded bar comprising a cylindrical central core and a number of uniformly distributed radial fins. Minimum diameter of the central core is fixed and the parameters to be explored are the number of fins, their thickness, length (radial dimension) and height. Although not included in the numerical simulations, the thermal resistance due to the use of a thin thermal interface material (TIM) layer between the LED lamp back and the heat sink is taken into account in the analysis. The main objective of the heat sink is to cool the LED lamp so that the lamp maximum temperature at the contact region with the heat sink is maintained below the critical temperature given by the manufacturer. This is a crucial aspect in what concerns the expected lifetime of the LED lamp and should be achieved at the expenses of a as low as possible aluminium mass. Taking these criteria in mind, a design procedure is proposed and followed in the search for the improved heat sink to cool a particular LED lamp. Results obtained with the commercial code ANSYS-CFX clearly show the relative importance of the different governing parameters on the heat sink performance and allow the choice of the better solution within the frame of dimensional constrains. Although the present results concern a particular LED lamp, the proposed methodology can be extended to other types of heat sinks for general light and/or electronic components. 
-INTRODUCTION
In the past few years, LED lamps have been assuming a large role in the illumination market, mainly due to their potential in creating not only light but interesting light environments, associated with low power consumption even when compared with other energy-saving lamp types. Still, from the energetic viewpoint, LED lamps have not yet the desirable efficiency, as a considerable amount of energy is released as heat. This tends to increase the temperature of the LED lamps, leading to a decrease of their lifetime. In order to meet the expected long lifetime, LED lamps must operate below a certain temperature threshold, as given by the manufacturer. To ensure this, the heat sink associated to the LED lamps must provide the needed cooling, requiring the minimum mass of the involved material to obtain the heat sink. Additionally, internal electronic circuitry may have to be M A N U S C R I P T
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3 activated by cutting the electrical energy to the LED lamp, changing the illumination characteristics, if by any reason some overshoot on the temperature of the LED lamp occurs.
Thus, one may realize that the design of heat sinks used to cool LED lamps is of major importance to ensure their long lifetime. Heat sinks design criteria should contemplate not only their thermal performance, but also the associated manufacturing costs, which are directly related to the total material mass and production processes involved. For the latest criterion, a uniform cross section is desirable as it can be obtained from simple bars obtained by extrusion, followed by a cutting operation.
Heat sinks for LED lamps can operate under natural or forced convection, the first being the preferred ones as neither additional fans nor electric consumption are required. Additionally, noise generation by electric motors and fans is also avoided if natural convection heat sinks are adopted.
On the other hand, natural convection heat sinks are thermally less effective, being consequently less compact and heavier, and need a careful design to reach the required thermal performance.
Heat sinks and LED lamps are assembled together using a thin layer of TIM, which, although designed to have a high thermal conductivity, locally increases the thermal resistance of the assembly.
Some studies can be found in the literature concerning the cooling of LED lamps. This can include what happens inside [1,2] or outside the LED module using detailed CFD studies in a steady-state approach, such as in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , some of them including the packing aspects leading to the LED module. More specifically, Luo et al.
[1] conducted a numerical and experimental study considering the whole set composed by the vapour chamber and a finned heat sink, and Arika et al.
[2] consider the thermal management of the set composed by an assembly of LED lamps and a finned heat sink. In the work by Ying at al.
[3], the optimization of the heat sink associated to a high power LED spot lamp is numerically studied. Scheepers and Visser [4] studied the heat management of high power LEDS using heat sinks through a numerical approach, and comparison is made between the detailed thermal model and simpler thermal resistance models. In the work by Christensen and Graham [5], a 3D numerical simulation is presented for an array of high power LED lamps together with a heat sink, and the thermal resistance network is analysed trying to estimate the different contributions for the heat management, in the search of compact LED systems. Chi et al. [6] performed the thermal analysis of high power LED lamps and the associated heat sink, using a CFD numerical simulation together with some heat transfer correlations, including radiation heat transfer. By its own turn, in the study by Weng [7] it is shown how a M A N U S C R I P T
4 detailed 3D CFD analysis can improve the thermal performance of LED illumination systems. The study by Yu et al. [8] deals with the numerical simulation and optimization of a radial heat sink, with two alternative configurations having a void central part, for LED cooling purposes, concluding that it is impossible to optimize both thermal performance and heat sink mass, the work by Yu et al.
[9] including also some experimental results for a similar heat sink configuration.
Huang et al. [10] studied the thermal dynamics of the overall set of a LED fixture including the luminaire, the LED lamps and the heat sink, and Houl et al. [13] studied the thermal dynamics of a LED array system wit in line pin fin heat sink. Ha [11] considered the numerical simulation of a high power LED package and extracted the values of the most relevant thermal resistances of the system. Yu et al. [12] analysed the effect of radiation heat transfer on the thermal performance of radial heat sinks similar to that considered in [8] and [9] . Studies considering the problem as a simple thermal resistance combination can also be found [14, 15] . Some other studies also include the set composed by the LED module, the heat sink and the luminaries, like in [16] . The recent study by Yu et al. [12] shows how radiation heat transfer is relevant when analyzing the thermal behaviour of this kind of heat sinks. Agostini et al. [16] present a detailed state of the art for high heat flux cooling technologies. In the work by Shyu et al. [17] , a 270x1W LED array together with a plate fin heat sink in an acrylic housing is experimentally studied. The complete CFD numerical simulation of single-phase active liquid cooling systems, including minichannels for liquid circulation, can be found in [18] . Huang et al. [19] very recently proposed a constant power driving control for a 150 W LED luminaire, thus stabilizing the illumination of LED under large temperature variations.
However, in spite of the referred studies, no work was found concerning the heat sinks for the recent 4th generation LED lamps, like the FORTIMO lamps produced by Philips, more specifically when using a radial heat sink with a central core, obtained by simple extrusion and cutting manufacturing processes. Even if the heat sink by itself is not an energy saving device, it is crucial for the right operation during the expected long lifetime of the energy saving devices that are the LED lamps, and is a relevant applied thermal engineering problem.
The main objective of the present work is to find the improved geometrical configuration for an aluminium heat sink to be used in 4th generation FORTIMO LED lamps, given the heat release rate, critical (maximum) temperature of the LED module and space constraints. The improved configuration is, in the present context, that corresponding to the lowest heat sink mass that guarantees the required cooling level. Any economic analysis, even if requiring reliable information which may be difficult to obtain, will lead coincidently to the cheaper heat sink, obtained from the lowest mass of material and requiring the simplest manufacturing processes to obtain it. The M A N U S C R I P T
procedure proposed in the present work leads to an improvement path that, starting from an initial guess, is governed by the partial derivatives of the maximum (core) temperature with respect to the heat sink mass, for each geometrical parameter under study. This is different from an integrated optimization procedure, as no special optimization techniques and tools are needed, and the improved heat sink can be obtained by non-experts in optimization studies, following a way with its own physical insight and not as an optimization mathematical problem. Some of the results obtained with the commercial code ANSYS-CFX during the improvement process are presented, along with the final solution corresponding to the founded improved effective heat sink.
-PHYSICAL MODELING
As the heat sink is considered in the vertical position, as presented in Fig. 1 , relatively cold ambient air approaches the hot heat sink and becomes warmer, thus rising and pulling new fresh air from the colder ambient to satisfy continuity. The resulting flow assumes the form of a rising plume, air entering the heat sink in an essentially radial (horizontal) direction and leaving it in an essentially vertical direction. Heat sink remains warm due to the heat released by the LED lamps assembly, the manufacturer of the LED lamp giving the value of the heat released to the heat sink, which needs to be released by the heat sink to the natural convection air flow. The balance between the heat released by the LED lamp to the heat sink and the heat released by the heat sink to the cooling air dictates the temperature at the centre (core) of the LED lamp module, which needs to be below a critical temperature value specified by the LED lamp manufacturer. More effective heat sinks lead to lower temperatures at the centre of the LED lamp module, the best heat sink being that allowing a temperature at the center of the LED lamp module close to the critical value given by the LED lamp manufacturer but requiring the lowest mass of material to obtain it.
-Physical model
The heat sink to be studied is radial, with a circular base and a number of equally spaced The adopted heat sink starting configuration for the improvement process (basic configuration) has a base diameter similar to the LED module largest diagonal, thus ensuring full contact with the M A N U S C R I P T
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6 heat sink at LED module base. Table 1 presents the physical dimensions according to the schematic drawing in Figure 1b ). The considered heat sink includes a thin aluminium disk between the back of the LED module and the main body of the heat sink, mainly for fixing purposes. However, other solutions including screws acting over the fins themselves can be designed for that purpose.
-Governing equations
Natural convection is governed by the Prandtl number:
and by the Rayleigh number:
Pr
where all properties refer the air involving the heat sink.
For the present case, taking the reference length L r as the heat sink base diameter and the representative temperature difference between the heat sink and ambient air as
, which is well below the typical transition value 10 8 -10 9 for the turbulent regime [20] . Therefore, laminar conditions are assumed, corresponding to a conjugate laminar natural convection 3D problem in steady-state conditions.
Warming up and cooling down periods of LED lamps are considerably short when compared with the continuous longer and nearly steady operating periods, thus justifying that only the steady state operation conditions are considered in the present work. Governing equations are the mass conservation equation, the momentum (Navier-Stokes) equations and the thermal energy conservation equation, which read, respectively:
where the work of pressure forces and viscous dissipation were neglected in the thermal energy conservation equation. Within the solid, advection terms vanish, leading to the heat conduction equation:
In the previous equations, fluid and solid properties were considered as constant, expect for fluid density in the buoyancy term on the z momentum equation, which is computed based on the Ideal Gas Law.
Due to the expected temperature differences between solid surfaces and the environment and physical proximity between the solid surfaces, heat transfer by radiation must be taken into account.
It represents an additional heat transfer mode promoting heat transfer from the base of the heat sink to its fins, and thus increases the effectiveness of the heat sink. Several models exist to consider the surface radiation heat transfer in the numerical model, with specific capabilities depending on the physical problem under analysis. In the present case, due to the transparent nature of the air, the Monte Carlo radiation model represents the best option [21] . This model simulates the interaction between photons and the environment, a process that is carried out by following the path of a predetermined number of photons, including surface reflection, absorption and scattering, and it is one of the radiation model options included in the ANSYS-CFX software package.
-Computational model and boundary conditions
ANSYS-CFX software package is a well-known and well-established software package, which has been used and validated under many different conditions, and also to solve natural convection problems. As a certified software, extensive validation has been done by different research groups under a great variety of situations, with corresponding documentation available through the internet and in different reports available from ANSYS, including both laminar and turbulent flows [22] , as well as free convection with conjugate heat transfer [23] . CFX uses a coupled solver in a co-located (non-staggered) mesh. In order to avoid the well know checkerboard pressure field, a fourth-order Rhie-Chow interpolation scheme is used. In the present simulations, advection terms were modelled using the CFX-high resolution scheme option, which ensures boundness of the solution. A trilinear interpolation scheme was adopted for the evaluation of the diffusion terms and pressure gradient As based on a finite volume formulation, discretization equations, and in particular the M A N U S C R I P T
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enthalpy (thermal energy) equations, are obtained for each control volume. Boundaries between fluid and solid domains coincide with control volume faces at these locations, and no boundary conditions need to be specified as a normal conservative condition is considered. Thus, the obtained discretized equations for enthalpy ensure thermal energy conservation in the fluid-solid interface, the conjugate heat transfer being automatically taken into account through this integration approach.
For the sake of simulations, the physical presence of the LED module was not taken into account. This leads to a geometry that possesses a periodic angular behaviour, allowing the simulations to be carried out for a single fin. Placement of computational domain boundaries and mesh size were carefully chosen so as to guarantee results' independence on both mesh and calculation domain. On the other hand, corresponding values such as number of mesh nodes and domain dimensions were tested in order to keep computer requirements at reasonable levels. Figure   2a shows the computational domain geometry adopted for the simulations, for which 0. 
-Thermal resistance at the LED module-heat sink contact
The attachment between the aluminium heat sink and the LED module is made with screws. In order to reduce the thermal resistance between both solids, a TIM is commonly used, so that no air gaps due to surface roughness are present in the interface to considerably increase the contact thermal resistance.
The temperature drop at the contact interface may be easily computed using a simple 1D
analysis. The governing heat conduction equation is:
The thermal conductivity of a good TIM material, like DOW CORNING TC-5022, is typically 4 W/(m ºC). Considering a film thickness of 0.0002 m, the total heat release rate, and heat sink base area as presented previously, an interface temperature drop 0.077
Therefore, one may conclude that the additional temperature drop due to the contact resistance can be neglected in subsequent analysis. However, if this temperature drop is not so low, and if it is to be considered, the one dimensional analysis is followed through the thin TIM layer and the numerical domain refers only to the solid aluminium body of the heat sink, the maximum admissible temperature at the heat sink being the maximum temperature admissible at the LED module minus the temperature drop through the TIM layer. Even so, to accommodate any uncertainty on the calculations, as well as the negative effects on cooling of some dirty that can accumulate over the surfaces of the heat sink, a maximum core temperature of 65 ºC was taken as the objective in this study.
-IMPROVEMENT STRATEGY
As previously pointed out, the objective of the present work is to obtain the improved heat sink geometrical configuration so as to guarantee that the LED module maximum temperature value (verified at the LED module base) is below the manufacturer threshold. This is to be achieved with a as low as possible heat sink mass, provided the geometrical dimensions are kept within reasonable limits. It is anticipated that an increase on the thickness of the fins, and increase on the length of the fins, and an increase on the height of the heat sink will result on an increased thermal effectiveness M A N U S C R I P T
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of the heat sink. It is also anticipated that an increase on the number of fins will result in an increase on the thermal effectiveness of the heat sink below a given number of fins, but that this behaviour is inverted above that given number of fins, as a high number of fins results in a smaller and narrower available space for the natural convection risen flow. However, the increase of any of the referred parameters will result on an increase of the mass needed to obtain the heat sink, and it needs to be evaluated what is the parameter to be increased resulting in the higher increase on the thermal effectiveness of the heat and simultaneously to the lower increase on the mass needed to obtain the heat sink. This is the criterion to be followed when searching for an improved heat sink to cool the particular LED lamps assembly considered, starting from a given non-optimal initial heat sink geometry.
The geometry parameterization was set according to the project variables listed in Table 1: fin height H, fin thickness t, fin length L and number of fins, n. The core minimum radius 1 r , also listed in this table, is kept constant. The maximum temperature T c (core temperature) to be evaluated at the base of the heat sink (as referred, due to its small value, the temperature drop across the TIM material is neglected), is a function of these variables: 
It can be easily seen that, attending to the definition of each project variable, increasing any of the project variables will lead to a mass increase − any of the partial mass derivative in the previous equation is always positive and can be analytically calculated. On the other hand, the core temperature partial derivatives must be evaluated through simulation and their sign is most often negative (except, as will be seen, for / T n ∂ ∂ at large values of n). Therefore, one may realize that, since the improvement path to follow should be evaluated in terms of both mass and core temperature variations, the governing variable is / ci i T M ∂ ∂ , which is negative in the improvement space − decreasing the core temperature is achieved at the expenses of an increase of the heat sink mass.
The improvement path criterion will thus be:
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
o Improvement variables i with a large value / ci i T M ∂ ∂ should be changed towards a mass increase, in order to achieve a "large" core temperature decrease at the expenses of "small" mass increase ;
o Improvement variables i with a small value / ci i T M ∂ ∂ should be changed towards a mass decrease, in order to decrease heat sink mass at the expenses of only a small core temperature increase.
Based on the previous considerations, the improvement strategy is:
o Starting with the basic configuration (cf. 
-RESULTS AND ANALYSIS
The starting point for the improvement process is the basic configuration detailed in Table 1, 
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the ambient air temperature creates buoyancy forces that produce an ascending air movement towards the heat sink core. As the air mass passes between the fins, its temperature increases, creating a higher temperature region in the plume central part, as it is well illustrated by the temperature coloured vectors in Figure 3 . The temperature range at the solid domain is only about 0.8 ºC, due to the considerably high thermal conductivity of the aluminium; even so, as expected, temperatures at the heat sink core are higher than those at the exposed part of the fin. Table 3 lists the adopted data for the initial variation of the improvement parameters, necessary for the evaluation of the partial derivatives of core temperature with respect to the mass of the heat sink. As expected, fin length is the parameter with the largest influence in the core temperature.
Although these results would point out a fin length increase as the best choice to proceed to improve the heat sink, the total occupied volume would also increase by a large amount, since for the basic configuration the fins already protrude outside the heat sink base. As pointed out previously, the number of fins should be a priority parameter since the total occupied volume is not affected when changing this parameter. Dependence of the core temperature and /
this parameter is shown in Figure 4 . It is interesting to observe the evolution of these variables with n, revealing that the effectiveness of adding more fins vanishes as the number of fins increases. This is a consequence of the small spacing between each two adjacent fins, which prevents fresh air to penetrate the inter-fin space and remove heat from there, decreasing the overall heat sink effectiveness. It is, therefore, not advisable to choose a too large number of fins. Analysing the partial derivatives presented in Table 3 , one may note that a fin thickness change will allow reducing mass without a significant core temperature increase. Accordingly, as a next step, fin thickness was reduced from 2 mm (basic configuration) to 1 mm, from which a core The results presented and discussed in the present work are specific for the FORTIMO DLM GEN 4 3000/830 LED module. However, attending that improved or even optimum cooling systems may be needed for other LED lamp modules, the used methodology, with its own physical insight and without requiring knowledge and use of optimization tools and software, can and must be used when searching for the best cooling system for other LED lamp modules.
-CONCLUSIONS
An improvement procedure was presented and followed to find the improved geometrical configuration for a heat sink operating under natural convection conditions, to be used for the cooling of a recent FORTIMO 4th generation LED lamp. The objective was to achieve a maximum core temperature of 65 ºC keeping the heat sink total mass and occupied volume contained. The presented methodology is general in character and may be extended to improve other types of heat sinks for virtually any light and/or electronic components. 
-REFERENCES

HIGHLIGHTS FOR REVIEW
A numerical study is made concerning the radial heat sink for a specific LED lamp.
The cylindrical heat sink is obtained from an extruded aluminum bar.
The required cooling effect is obtained using the minimum mass of material.
